INTRODUCTION
Chronic obstructive pulmonary disease (COPD) is characterised by airflow obstruction associated with an abnormal inflammatory response to inhaled particles, 1 most commonly from cigarette smoking. Interestingly, airway inflammation in COPD patients persists after smoking cessation. 2 COPD is a complex disease where emphysema resulting from parenchymal destruction and abnormal repair is usually present alongside inflammation. 3 4 Furthermore, the degree, extent and location of emphysema varies between patients. The molecular mechanisms underlying persistent inflammation in the absence of continued cigarette smoking and the variable development of emphysema are not fully understood.
COPD patients have increased numbers of neutrophils and macrophages in the airways. These cells release a range of inflammatory mediators and proteases, and are thought to be key players in the pathogenesis of airway inflammation and parenchymal destruction. 4 8 These cells can be sampled using induced sputum, which is safe, practical and non-invasive. 9 Gene expression profiling using a 'hypothesis free' approach may be helpful in COPD to further understanding of the molecular basis of this complex disease. In COPD, genome-wide expression studies have been performed using whole tissue, alveolar macrophages and bronchial epithelial cells. 10e15 These studies have identified molecular patterns associated with characteristics of COPD. However, there have been no gene expression profiling studies using inflammatory cells in induced sputum of COPD patients.
The authors studied the gene expression profile of induced sputum cells in ex-smoking COPD patients to investigate genes associated with the degree of airflow obstruction and the extent of emphysema in patients enrolled in the Evaluation of COPD Longitudinally to Identify Predictive Surrogate Endpoints (ECLIPSE) cohort. 16 The authors first studied a group of patients using gene arrays to identify candidate genes by expression profiling. These findings were then validated in a separate group of patients using specific PCR. This strategy was used to confirm the reproducibility of these findings in different populations, which increases the probability of results being applicable to the wider population of COPD patients. Finally, using a third group of patients not in the ECLIPSE study, protein studies were performed on lung cells to further confirm the findings targeting one specific protein thought to be involved in the pathogenesis of COPD, the IL-18 receptor (IL-18R).
METHODS Subjects
ECLIPSE is a three-year multicentre longitudinal study to identify novel endpoints in COPD. 16 The inclusion criteria are in the online supplement (OLS). Sputum induction was performed in a subset of patients at 14 sites. Samples from ex-smokers only were included in this analysis. At the baseline visit, the authors selected 74 patients categorised by the Global Initiative for Chronic Obstructive Lung Disease (GOLD) as stage 2 and 74 patients with GOLD stage 3 or 4, matched for age and gender. At year one the authors studied a separate population of 94 GOLD stage 2 patients and 82 GOLD stage 3 or 4 patients for real-time PCR analysis, who were not matched for age or gender. However these factors were accounted for in the statistical analysis. ECLIPSE is ethically approved and all participants provided written informed consent. (http://Clinicaltrials.gov/ identifier NCT00292552; GSK Study Identifier SCO104960).
For immunohistochemistry studies, the authors obtained lung tissue from 20 patients at the University Hospital of South Manchester undergoing surgical resection for suspected or confirmed lung cancer, and sputum samples from six COPD patients and six non-smoking controls. Ethical approval was obtained for immunohistochemistry studies and all subjects gave written informed consent.
CT scan
All ECLIPSE subjects underwent a low-dose CT scan of the chest to quantitate the degree of emphysema as described in the OLS. A cut-off of <10% low attenuation area (LAA) was utilised for minimal emphysema (LAAL) and $20% for emphysema (LAAH). 17 
Sputum induction and processing
Sputum induction and processing with dithiothreitol (DTT) was performed using standard methods 18 described in the OLS. The cell pellet was suspended in TRIzol Reagent (Invitrogen, Paisley, UK) to lyse the cells and stored at À708C.
RNA isolation and microarray analysis
Trizol lysates were thawed and RNA extracted before sending to GeneLogic (Maryland) for microarray analysis using HG_Plus_2.0 GeneChips (Affymetrix, Santa Clara, California, USA). Full details are described in the OLS.
Real-time PCR analysis
Taqman real time PCR (RT-PCR) was performed using the ABI 7900HT Sequence Detection System (Applied Biosystems, Foster City, California, USA) as described in the OLS.
Immunohistochemistry
Immunohistochemical analysis of IL-18R from tissue blocks and sputum cytospins is fully described in the OLS.
Statistical analysis
Full details of the statistical analysis are in the OLS. A linear model analysis of variance adjusted for age, gender and batch was used to compare microarray gene expression between GOLD stage 3 and 4 against GOLD stage 2, and between LAAH against LAAL. A significant difference between groups was defined as a fold-change (FC) >62 (expressed as severe COPD relative to moderate COPD) and p-value <0.01. This p value is used in gene array studies to reduce the chance of false positive results (12) . The most highly differentially expressed genes (FC62.3) were subjected to pathway analysis using the Database for Annotation, Visualization and Integrated Discovery (DAVID) (http://david.abcc.ncifcrf.gov/). Individual genes were mapped to gene ontology (GO) processes (GeneGo, St. Joseph, MI, http://www.genego.com/metacore.php) and manually by literature searches. The gene array data is accessible at geo@ncbi.nlm.nih.gov (GEO ID GSE22148). Real time PCR data were similarly analysed using a linear model analysis of variance. In this way, p<0.05 was considered statistically significant. All gene expression analysis was performed in SAS version 9.1. Lung tissue immunohistochemistry data were normally distributed, and differences between groups were assessed using unpaired t-tests. Sputum immunohistochemistry data were non-parametric, so differences between groups were assessed using the ManneWhitney U test. The relationship between LAA score and FEV1% predicted was assessed using Pearson's correlation coefficient.
RESULTS
The clinical characteristics of the patients studied at baseline and year one are shown in table 1. Inhaled medication use was higher in GOLD stage 3 and 4 patients. There was a small increase in the sputum neutrophil percentage in GOLD stage 3 and 4 patients. Within the baseline cohort there were 42 subjects with minimal emphysema defined by LAA <10% (LAAL) and 44 subjects with LAA $20% (LAAH). There was a significant association between LAA score and FEV1% predicted (r¼À0.049, p<0.0001). 
Gene expression profiling
Gene arrays on samples from the 148 patients in the baseline cohort were performed, with 140 passing quality control criteria (69 GOLD stage 2, and 71 GOLD stage 3 & 4). There was a >2 fold difference in the expression levels of 277 probe sets between GOLD stage 2 patients compared to GOLD stages 3 and 4; 120 probe sets were up-regulated and 157 probe sets were down-regulated in GOLD stages 3 and 4. The most highly regulated genes are shown in table 2, with a full list in the OLS. There was a >2 fold difference in the expression levels of 198 probe sets between more emphysema (LAAH) patients compared to less emphysema (LAAL) patients; 121 probe sets were up-regulated and 77 probe sets were down-regulated in LAAL patients. The most highly regulated genes are shown in table 3, with a full list in the OLS. The OLS also shows 57 genes differentially expressed due to the degree of emphysema and not airflow obstruction, and 104 genes differentially expressed due to airflow obstruction and not emphysema.
A heatmap was constructed with the most highly regulated genes, using an arbitrary threshold value of >2.3 fold difference in either the comparison of GOLD stages (71 genes) or the comparison of emphysema (51 genes); see figure 1. The fold change of 2.3 was chosen to clearly represent the most highly regulated genes on a heatmap. Lowering the fold change to two would have created a heatmap with too many genes to provide a clear view. The heatmap shows that the majority of the genes that were different in airflow obstruction analysis were also different in the emphysema analysis, with the same direction of change (up-or down-regulation).
The known functions of the genes in the heatmap were determined using DAVID, Gene-Go and literature searches, allowing the identification of groups of genes involved in similar biological processes. Groups of genes with enzymatic functions (hydrolase and zymogen activity), and immune response, signal transduction and cell metabolism were found. These gene groupings are shown in the OLS.
Replication using PCR
Twelve candidate genes were selected from the microarray data set based on a twofold difference in expression between GOLD stage 2 compared to GOLD stages 3 and 4: ADPN, ANKRD33, DAAM2, EDN1, EPHX1, FABP4, IL18R1, IL1R1, PRSS21, SCD, TPST and ZNF165. Eleven of these 12 genes (11/12) were similarly different between GOLD stage 2 and GOLD stage 3 and 4 in the 176 patients of the validating cohort using real time-PCR (p<0.05 in all cases) as shown in table 4.
IL-18R immunohistochemistry
Of the candidate genes with significantly changed expression in both the array profiling and PCR analysis, IL-18R was chosen for protein analysis in a cohort distinct from ECLIPSE. This gene was selected based on existing literature suggesting that IL-18 signalling may be involved in the pathophysiology of COPD.
19e22 This cohort comprised eight COPD patients, seven ex-smokers without airflow obstruction and five never smokers undergoing lung surgery (demography shown in table 5). No patients were using inhaled corticosteroids and none were current smokers. IL-18R expression was observed as fine punctuate pattern on the luminal surface of small airway epithelium in all three groups ( figure 2A,B) . IL-18R expression was significantly increased on alveolar macrophages within COPD lung tissue (mean 23%) compared to controls (means ex-smokers 2%, p¼0.01, and non-smokers 2.5%, p¼0.03) ( figure 2C,D) .
The demography of subjects who provided sputum samples is shown in table 6. IL-18R expression was observed within macrophages from COPD sputum samples ( figure 3A,B) , with increased expression levels in COPD patients compared to nonsmoking controls (p¼0.002). Sputum samples from non-smokers were almost devoid of IL-18R expression, even though these samples contained a higher percentage of macrophages than COPD patients ( figure 3C ).
DISCUSSION
This study of induced sputum gene expression profiling in patients with COPD had three main findings. First, it revealed a large number of candidate genes associated with more severe COPD, whether defined on the basis of airflow obstruction or the degree of emphysema. Second, 11 out of 12 of these candidates observed in a derivative cohort were also differentially expressed in a validating cohort of COPD patients. This replication in two discrete populations using different techniques provides confidence that the results are not false positives. Third, protein studies with the candidate gene IL-18R from a third group of patients showed increased expression in airway macrophages in COPD patients compared to controls. These observations offer potentially important insights into the molecular mechanisms associated with COPD severity.
The authors deliberately used different cohorts of patients for the gene array, PCR and immunohistochemistry studies, because the replication of gene expression findings in distinct cohort increases the likelihood of these results being applicable to wider populations of COPD patients. The sample sizes for the gene array and PCR cohorts were 148 and 176 respectively, which are large for lung gene expression studies. Previous array studies using human lung tissue to identify COPD gene expression patterns have produced differing results, which are likely to be due at least in part to differences in the types of patients enrolled.
10e15 23 24 For example, two studies have shown that early growth response protein 1 (EGR1) is over-expressed in patients with COPD, 23 24 but this has not subsequently been reproduced. 12 The authors did not find over-expression of EGR1. This may be because sputum samples and lung tissue have different expression profiles. Serpin peptidase inhibitor clade E, member 2 (SERPINE2) has been identified as a COPD susceptibility gene. 11 25 In lung tissue samples from COPD patients, there were 65 probe sets with expression levels that correlated to the degree of airflow obstruction, including SERPINE2. 12 The authors have compared these 65 probe sets to the results, and did not observe any common probe sets. This underscores the differences that exist in expression profiles between tissue and sputum.
An alternative way to compare the current and previous gene array data is to focus on biological processes rather than individual genes. Using two classification systems (Gene-Go and DAVID), the authors observed common biological processes relating gene expression to more severe airflow obstruction and emphysema. These included cell metabolism, transcription, enzymes/proteolysis and the immune response. An integrative analysis of previous whole lung tissue gene array results has also shown cell metabolism gene expression to be altered in COPD. 26 The strong representation of transcription, enzymes/proteolysis and immune response genes in sputum is not surprising, as the predominant cell types, macrophages and neutrophils, are involved in airway immunity.
The authors validated the findings of the baseline cohort in a second replication cohort using PCR for 12 genes, based on the strength of association with degree of airflow limitation. The strength of statistical association between 11 of these genes in both cohorts suggests a possible mechanistic roles for these genes in the pathophysiology of COPD. Tyrosylprotein sulfotransferases (TPSTs) transfer sulphate moieties to tyrosine residues on proteins such as adhesion molecules, G-protein-coupled receptors and extracellular matrix proteins. 27 TPSTs alter the sulfation status of the chemokine receptor CCR5, 28 suggesting a possible role for TPST1 in inflammatory cell trafficking. Fatty acid binding protein 4 (FABP4) is involved in glucose and lipid homeostasis, particularly in adipocytes and macrophages. 29 This protein binds to long-chain fatty acids, co-coordinating the metabolic and inflammatory response of macrophages to such ligands. 30 In the context of COPD, it is possible that FABP4 senses lipid mediators within the lungs. The transcription factor gene ZNF165 has increased expression in some cancer types, 31 and TRAF (tumour necrosis factor receptor associated factor) family member-associated nuclear factor kappaB activator (TANK) is a negative regulator of Toll receptor signalling. 32 For all of these candidate genes, protein studies to confirm gene expression results would be of value.
To validate this concept, the authors performed immunohistochemistry in a third cohort of patients using lung tissue and sputum. The expression levels of IL-18R were increased in COPD airway macrophages. IL-18 promotes T helper 1 development and regulates macrophage and neutrophil chemotaxis and activation. 33 Animal and human studies implicate IL-18 in the pathophysiology of COPD. IL-18 causes pulmonary inflammation and emphysema in mice. 21 22 The number of IL-18 producing macrophages is increased in COPD patients, 20 and IL-18 over-production from pulmonary CD8 and epithelial cells is present in severe COPD. 20 Furthermore, IL-18 levels are increased in the induced sputum supernatant 19 and serum 20 21 of COPD patients compared to controls. IL-18Ra is the extracellular signalling domain of the IL-18R complex. 33 IL-18Ra knockout mice do not develop emphysema after exposure to cigarette smoke. 21 In healthy humans, IL-18Ra is expressed in the broncho-alveolar epithelium and alveolar macrophages. 34 There are no previous reports of IL-18Ra expression in COPD lungs, although increased IL-18Ra has been previously demonstrated in the lungs of patients with idiopathic pulmonary fibrosis.
34 IL-18 and IL-18Ra are known therapeutic targets in rheumatoid arthritis, 35 and these findings support the case for targeting this signalling axis in COPD as well.
There were some limitations to this study. First, it could be argued that the increased proportion of neutrophils in GOLD stages 3 and 4 relative to GOLD stage 2 in the current study contributed to some of the differences in gene expression observed. However, the difference in neutrophil percentage was small between the two groups (less than 10%) and therefore unlikely to be responsible for the twofold gene expression changes observed. Importantly, the increase in IL-18R expression was driven by airway macrophages, so these findings are clearly not simply dependent on the small increase in neutrophil percentage in GOLD stage 3 and 4 compared to GOLD stage 2. Second, the authors could not match patients for medication use, as GOLD stage 3 and 4 patients are expected to take more medication. These results do not suggest that these medications had an effect on gene expression, as there were no clear signals for inflammatory genes known to be regulated by corticosteroids. The heatmap (figure 1) shows that the majority of the genes that were different in the severity analysis using the GOLD classification were also different in the emphysema analysis, with the same direction of change (up-or down-regulation). This is compatible with the LAA score being significantly associated with FEV1. However, the authors did find a number of genes that were only associated with either the degree of airflow obstruction or emphysema (104 and 57 respectively, listed in the OS). Third, the authors only used airflow obstruction and emphysema to categorise disease severity and did not evaluate other factors known to predict outcomeesuch as body composition or exercise capacity. More studies are needed to test whether differences in gene expression could be related to differences in those phenotypic expressions of the disease. Fourth, the patients selected from ECLIPSE centres where sputum could be collected, may not be representative of all patients with COPD. However, the study was multicentric, providing some assurance that the subjects are not from a single centre. Finally, the authors did not study current smokers, where findings may be different. The reason for excluding current smokers was to recruit a more homogeneous population, making the data easier to analyse and interpret. In summary, the authors have shown that there is a shared differential gene expression profile in the sputum samples of exsmoking patients with different severity of COPD, as quantified by the degree of airflow obstruction and radiologic emphysema. The findings for genes implicated in the degree of airflow obstruction in a derivative cohort were replicated by PCR in a separate cohort of patients. In a third cohort, the up-regulation of IL-18R protein expression on airway macrophages provided validation of gene expression profiling. These observations allow mechanistic insights into biological processes involved in the progression of COPD.
